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• 	  Data	  assimilaCon,	  which	  combines	  the	  informaCon	  from	  observaCons	  and	  a	  short-‐range	  forecast,	  is	  a	  powerful	  
tool	  to	  esCmate	  the	   iniCal	  state	  of	  the	  atmosphere	  for	  NWP	  forecasts.	   	  AssimilaCng	  satellite	  observaCons	  from	  
microwave	   imagers	   such	   as	   the	   GMI	   in	   cloudy	   and	   precipitaCng	   regions	   can	   provide	   criCcal	   constraints	   on	  
meteorological	  parameters	  in	  dynamically	  sensiCve	  regions	  and	  make	  significant	  impacts	  on	  forecast	  accuracy	  for	  
precipitaCon.	  	  

• 	  To	  expand	  the	  exisCng	  capabiliCes	  assimilaCng	  satellite	   radiance	  data	   in	  clear-‐sky	  condiCon,	   the	  NASA	  GMAO	  
has	  been	  pursuing	   efforts	   to	   uClize	   all-‐sky	   (clear+cloudy+precipitaCng)	  microwave	   radiance	  data	   in	   the	  GEOS-‐5	  
ADAS.	  AssimilaCng	  surface	  affected	  microwave	  radiance	  measurements	  over	   land	  is	  more	  challenging	  than	  over	  
the	   ocean	   because	   of	   large	   variability	   in	   surface	   parameters	   determining	   surface	   emissivity	   for	   the	   radiaCve	  
transfer	  processes.	  Therefore,	  efforts	  were	  iniCally	  focused	  on	  the	  development	  of	  a	  framework	  to	  assimilate	  all-‐
sky	   GMI	   radiance	   data	   over	   the	   ocean.	   The	   project	   has	   made	   considerable	   progress	   and	   the	   framework	   to	  
assimilate	  all-‐sky	  GMI	  radiance	  data	  over	  the	  ocean	  is	  currently	  being	  tested	  for	  implementaCon	  in	  the	  GMAO’s	  
operaConal	  forecast	  system	  by	  the	  end	  of	  2015.	  	  

• 	   In	  this	  poster,	  development	  and	  implementa2on	  results	  of	  data	  assimila2on	  methodologies	  to	  u2lize	  all-‐sky	  
GMI	  radiance	  data	  in	  the	  GEOS-‐5	  system	  are	  presented.	  In	  addi2on,	  future	  plans	  to	  extend	  this	  framework	  to	  
support	  the	  PMM	  Science	  Team	  by	  developing	  methodologies	  to	  assimilate	  GMI	  radiance	  data	  over	  land	  and	  by	  
inves2ga2ng	   methodologies	   to	   produce	   fine	   scale	   global	   precipita2on	   products	   based	   on	   GEOS-‐5	   analyses	  
constrained	  by	  GMI	  observa2ons	  are	  discussed.	  	  

1.	  Introduc2on	  

4.	  Results:	  Cloud&Precipita2on	  Analyses	  and	  Impacts	  on	  GEOS-‐5	  precipita2on	  Forecasts	  

•  	   The	   results	   demonstrated	   that	  
assimilaCng	   all-‐sky	   GMI	   radiance	   data	  
over	   the	   ocean	   can	   improve	   severe	  
weather	  forecasts	  from	  GEOS-‐5	  system.	  
	  
•  	   For	   example,	   impact	   results	   from	   a	  
test	   case	   for	   Hurricane	   Arthur,	   which	  
reached	  hurricane	  status	  on	  3	  July	  2014,	  
are	  shown	  in	  the	  figure	  on	  the	  le`.	  	  
	  
•  	   In	   this	   comparisons	   between	   the	  
observaCons	   and	   the	   modeled	   cloud,	  
rain,	   and	   snow,	   it	   was	   seen	   that	   the	  
model	   underesCmates	   the	   liquid	   cloud	  
amount	   in	   Hurricane	   Arthur	   and	  
displaces	   the	   hydrometeors	   from	   the	  
storm	  locaCon.	  

• 	  By	   incorpora2ng	  GMI	   radiances	  under	  all-‐sky	   condi2ons,	   the	  analysis	  moves	   toward	   the	  observa2ons	  via	  
genera2on	  and	  removal	  of	  clouds,	  rain,	  and	  snow	  as	  illustrated	  in	  the	  figures	  (a)-‐(c).	  
• 	  	  Assimila2ng	  all-‐sky	  GMI	  radiance	  data	  improves	  the	  analysis	  humidity,	  temperature,	  and	  winds	  in	  the	  storm	  
region,	  which	  in	  turn	  results	  in	  improved	  precipita2on	  6hr	  forecasts	  as	  demonstrated	  in	  the	  figures	  (d)-‐(f).	  

5.	  Future	  Works	  
	  Extended	  framework	  to	  assimilate	  all-‐sky	  GMI	  radiance	  data	  over	  land	  

Hypothesis:	   AssimilaCng	   GMI	   all-‐sky	   radiance	   data	   over	   land	   in	   the	  
GEOS-‐5	   ADAS	   will	   complement	   GEOS-‐5	   land	   surface	   analyses	   by	  
improving	  precipitaCon	  analyses	  and	  forecasts.	  Gridded	  precipitaCon	  is	  a	  
key	   input	   for	   the	   GEOS-‐5	   land	   surface	   model,	   which	   simulates	  
hydrological	   processes.	   	   Improvements	   to	   the	   land	   surface	  model	   feed	  
back	   to	   the	   assimilaCon	   and	   the	   quality	   of	   surface	   fields	   (e.g.	   skin	  
temperature,	   soil	   moisture,	   and	   snow	   coverage).	   These	   improvements	  
will	   enhance	   the	   use	   of	   microwave	   radiance	   data	   in	   both	   in	   NWP	  
forecasts	  and	  PMM	  precipita2on	  retrieval	  algorithm	  developments.	  	  

Methodologies:	  
•  	   All-‐sky	   GMI	   radiance	   assimilaCon	   over	   land	   requires	   several	  
advancements	  beyond	  the	  exisCng	  ocean	  all-‐sky	  methodology.	  The	  most	  
criCcal,	   yet	   challenging	   aspect	   of	   land	   assimilaCon	   is	   properly	   assigning	  
contribuCons	   from	  the	  various	  surface	  variables	   in	   the	  radiaCve	  transfer	  
model	   during	   the	   analysis	   process	   so	   that	   informaCon	   from	   GMI	  
observaCons	   can	   be	   projected	   in	   the	   analysis	   to	   improve	   precipitaCon	  
forecasts	  over	  land.	  	  
•  	   We	   are	   currently	   developing	   methodologies	   to	   consider	   surface	  
contribu2ons	   from	   various	   surface	   types	   properly	   in	   the	   radia2ve	  
transfer	  model	  during	  the	  analysis	  process	  in	  GEOS-‐5	  ADAS.	  

	  Downscaling	  of	  GMI	  observa2ons	  using	  GEOS-‐5	  

Hypothesis:	   By	   combining	   satellite	   microwave	   observaCons	   with	   global	   atmospheric	   model	   simulaCons,	   profile-‐
integrated	  measurements	  like	  microwave	  radiance	  can	  be	  disaggregated	  to	  esCmate	  various	  atmospheric	  states	   	  and	  
precipitaCon	   profiles	   while	   keeping	   the	   relaConships	   between	   the	   various	   fields	   consistent	   with	   the	   physical	   laws	  
assumed	   by	   the	  model.	   In	   parCcular,	   coarse	   scale	   observaCons	   can	   be	   downscaled	   to	   esCmate	   finer	   resoluCons	   of	  
precipitaCon	  fields	  and	  atmospheric	  states	  through	  the	  GEOS-‐5	  downscaling	  capability.	  This	  effort	  will	  be	  beneficial	  
for	  many	  applicaCons	  such	  as	  hurricane	  modeling	  studies	  and	  land	  surface	  and	  hydrology	  models	  and	  analysis	  systems.	  

Methodologies:	  
• 	   At	   cloud-‐permicng	   resoluCon	   (1-‐15km),	   the	   verCcal	   velocity	   can	   become	   non-‐negligible.	   The	   use	   of	   Lagrangian	  
coordinate	  system	  in	  GEOS-‐5	  non-‐hydrostaCc	  finite-‐volume	  dynamical	  core	  enhanced	  by	  “modified	  Riemann	  solver”	  
removes	  the	  potenCally	  severe	  Cme-‐step	  restricCon	  without	  	  
	  ad	  hoc	  verCcal-‐velocity	  damping.	  	  
• 	   The	  physics	   parameterizaCons	   are	   scale	   aware	   in	   that	   they	  
dynamically	  adapt	  to	  the	  horizontal	  resoluCon	  of	  GEOS-‐5.	  
• 	   This	  mulC-‐scale	  design	  allows	  GEOS-‐5	   to	   consistently	  move	  
from	  medium	  range	  weather	  predicCon	  and	  data	  assimilaCon	  
resoluCon	   (~25	   km)	   to	   cloud	   permicng	   resoluCons	   of	   12-‐to	  
3.5km.	  
• 	  Figure	  on	   the	   right	  provides	   an	   illustra2on	  of	   downscaled	  
precipita2on	   (12km	  resolu2on)	   from	  GEOS-‐5	   constrained	  by	  
the	  50km	  MERRA-‐2	  analyses	  during	  Hurricane	  Sandy	  in	  2012.	  	  	  

2.	  Goddard	  Earth	  Observing	  System	  Version	  5	  (GEOS-‐5)	  

• 	  The	  GEOS-‐5	  atmospheric	  data	  assimilaCon	  system	  
(ADAS)	   is	   a	   highly	   complex	   yet	   flexible	   system	  
composed	   of	   GEOS-‐5	   Atmospheric	   General	  
CirculaCon	   Model	   (AGCM)	   and	   the	   Gridpoint	  
StaCsCcal	   InterpolaCon	   (GSI)	   analysis	   algorithm	  
(Kleist	  et	  al.	  2009).	  	  

•  	   The	   GEOS-‐5	   AGCM	   is	   a	   weather	   and	   climate-‐
capable	   model	   used	   for	   atmospheric	   analyses,	  
weather	   forecasts,	   climate	   simulaCons	   and	  
predicCons	  at	  various	  horizontal	  resoluCon	  with	  75	  
verCcal	   layers	   to	   0.01	   hPa.	   The	   number	   of	   verCcal	  
layers	  will	  be	   increased	   to	  137	  by	   the	  end	  of	  2016	  
(Figure	  on	  the	  le`).	  	  

• 	  The	  GEOS-‐5	  AGCM	  employs	  a	  finite-‐volume	  cubed-‐
sphere	   dynamical	   core	   (Putman	   and	   Lin	   2007)	   for	  
hydrodynamics	  and	  the	  physics	  package	  (Molod	  et	  al.	  
2012)	   includes	   moist	   processes,	   radiaCon,	   turbulent	  
mixing	  and	  surface	  processes.	  	  
• 	   Notably,	   the	   moisture	   physics	   package	   in	   GEOS-‐5	  
will	   be	   enhanced	   with	   a	   two-‐moment	   cloud	  
microphysics	   scheme	   (Barahona	  et	  2014)	   in	   the	  next	  
GEOS-‐5	   AGCM	   system	   upgrade	   scheduled	   for	   2016.	  	  
That	  two-‐moment	  scheme	  will	  provide	  es2mates	  of	  
cloud	  par2cle	   size	  distribu2ons	   (PSD)	   in	  addi2on	   to	  
cloud	  condensate	  amounts.	  	  

•  	   The	   GSI	   combines	   informaCon	   from	   irregularly	  
distributed	  observaCons	  with	  the	  GEOS-‐5	  AGCM	  model	  
state	   in	   such	   a	   way	   as	   to	   minimize	   a	   specified	   cost	  
funcCon.	  	  
• 	   It	   is	   currently	   based	   on	   Hybrid	   3D-‐EnsVar	   analysis	  
solver	   (Figure	  above)	  and	  will	  be	  upgraded	   to	  Hybrid	  
4D-‐EnsVar	  analysis	  solver	  by	  the	  end	  of	  2015.	  
•  	   Figure	   on	   the	   le`	   describes	   inputs	   and	   output	  
products	   of	   the	   GEOS-‐5	   Forward	   Processing	   (FP)	  
stream,	   which	   generates	   forecasts	   as	   well	   as	  
assimilaCon	   products	   using	   the	   most	   current	   GEOS-‐5	  
system	   used	   for	   near-‐real	   Cme	   producCon	   at	   NASA	  
GMAO.	  	  

3.	  Assimila2on	  Methodology	  for	  All-‐sky	  GMI	  radiance	  data	  
• 	   Advances	   in	  modeling,	   radiaCve	   transfer,	  
and	   assimilaCon	   methods	   have	   allowed	   us	  
to	   make	   significant	   progress	   in	   the	  
assimilaCon	   of	   cloud-‐	   and	   precipitaCon-‐
affected	   microwave	   radiances	   over	   the	  
ocean.	  	  
• 	  These	  enhancements	  to	  the	  GEOS-‐5	  ADAS	  
are	   summarized	   in	   the	   figure	   on	   the	   le\	  
and	   a	   detailed	   descrip2on	   follows.	   GMI	  
observaCons	   from	   channels	   	   3~13	   (19~	  
183.3	  ±7	  GHz)	  are	  assimilated	  over	  ocean	  in	  
the	   all-‐sky	   condiCon.	   While	   observaCons	  
from	   channels	   1	   and	   2	   are	   being	  
invesCgated	   for	   atmosphere-‐ocean	   coupled	  
SST	   analysis	   at	   GMAO,	   they	   are	   not	  
considered	  in	  the	  all-‐sky	  experimentaCon.	  	  

• 	  The	  	  observaCon	  operator	  that	  simulates	  radiance	  data	  in	  the	  GSI	  has	  been	  extended	  to	  include	  cloud	  liquid,	  cloud	  
ice,	  rain,	  and	  snow	  fields	  to	  be	  used	   in	  the	  radiaCve	  transfer	  model	  calculaCons	  by	  the	  CRTM.	   	  The	  ability	  of	  the	  
CRTM	  to	  simulate	  GMI	  radiances	  in	  the	  regions	  with	  cloud	  and	  precipitaCon	  is	  illustrated	  in	  the	  figure	  shown	  below.	  
Results	   show	   that	  Mie	   derived	   cloud	   scanering	   parameters	   were	   not	   appropriate	   for	   simulaCng	   GMI	   radiances	  
affected	  by	  frozen	  precipitaCon.	  	  

Especially	   at	   high	   frequencies,	   the	   computed	   TBs	   were	  
too	  warm	  relaCve	  to	  the	  GMI	  observaCons.	  Based	  on	  this	  
evaluaCon,	   we	   replaced	   the	   current	   CRTM	   cloud	  
coefficient	   file	   with	   a	   look-‐up	   table	   composed	   of	  
sca^ering	   parameters	   based	   on	   the	   Discrete	   Dipole	  
Approxima2on	   (DDA)	   method	   (Liu	   2008).	   	   This	  
significantly	   improved	   performance	   of	   CRTM	   in	  
precipita2ng	  regions.	  

• 	   The	   observaCon	   errors	   for	   all-‐sky	  GMI	   radiances	   are	   esCmated	  
based	  on	  standard	  deviaCon	  of	  first-‐guess	  departures	  as	  a	  funcCon	  
of	   cloud	   water	   amount	   following	   the	   methodology	   in	   Geer	   and	  
Bauer	  (2011).	  The	  use	  of	  this	  error	  assignment	  method	  resulted	  in	  
a	  near-‐Gaussian	  distribu2on	  of	  first-‐guess	  departures	   for	   all-‐sky	  
GMI	   radiances	  when	   normalized	   by	   their	   es2mated	   errors	   (See	  
figure	  on	  the	  right).	  	  

• 	   The	   hybrid	   3D-‐EnsVar	   analysis	   algorithm	   in	   GEOS-‐5	   ADAS	   provides	   flow-‐dependent	   and	   situaCon	   dependent	  
background	   error	   covariance	   informaCon	   for	   meteorological	   variables	   including	   hydrometeors.	   Specifically,	   this	  
allows	  for	  increments	  of	  varying	  water	  species	  to	  be	  physically	  consistent	  across	  different	  analysis	  variables	  (e.g.	  
between	  clouds	  and	  water	  vapor)	  as	  demonstrated	  in	  the	  figure	  shown	  above.	  	  

•  	   ql,	   qi,	   qr,	   and	   qs	   have	   been	   added	   as	  
analysis	   variables	   to	   assimilate	   all-‐sky	   GMI	  
radiance	   data	   assimilaCon.	   Therefore,	  
clouds	  and	  hydrometeors	  are	  now	  adjusted	  
through	   the	   analysis	   process	   by	   the	   GMI	  
observaCons.	   This	   allows	   genera2on	   of	  
global	   analyses	   of	   cloud	   and	   precipita2on	  
analyses	  in	  addiCon	  to	   	  core	  meteorological	  
variables	  (T,	  q,	  u,	  v,	  p,..)…	  
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